The accession number for the microarray data is GEO: GSE120932. All referred DEG lists and results of GO enrichment analyses and sequence analyses are provided at <https://doi.org/10.6084/m9.figshare.c.4787100.v1>.

Introduction {#sec001}
============

Chronic myeloid leukemia (CML) is a clonal hematopoietic stem cell disease, clinically characterized by an increase in myeloid lineage cells at all stages of differentiation. The Philadelphia chromosome (derivative 22) derived from the t(9;22)(q34;q11) translocation, is the hallmark of the disease, transforming the hematopoietic stem cell (HSC) in to a leukemic stem cell (LSC) that gives rise to the disease. The translocation results in the fusion of the proto-oncogene ABL located on the long arm of chromosome 9, with the BCR gene on chromosome 22 \[[@pone.0229104.ref001]\]. The BCR-Abl oncoprotein possesses aberrant tyrosine kinase activity and provides survival signals to the malignant cells, which drive the disease in terms of cell proliferation and resistance to programmed cell death \[[@pone.0229104.ref002]\]. Despite being very resistant to conventional therapies, CML cells are sensitive to the blockage of the survival signal BCR-Abl provides. The introduction of imatinib-mesylate (IM) -the first tyrosine kinase inhibitor (TKI) used in the clinic- has redefined the management of CML. Patients with chronic phase disease, treated with imatinib achieve durable complete cytogenetic responses \[[@pone.0229104.ref003]\]. Nevertheless, some patients experience relapse and are resistant to imatinib \[[@pone.0229104.ref004]\]. Abl kinase domain mutations are the main culprit of TKI resistance, however, there is a subset of patients lacking these mutations and unresponsive to TKI treatment \[[@pone.0229104.ref005]\]. Amplification of the BCR-ABL oncogene, resulting in target molecules outnumbering intracellular concentrations of the TKI is another mechanism detected in unresponsive patients. Binding of imatinib to serum proteins and the role of drug influx and efflux proteins, limiting its intra-cellular bioavailability have also been implicated as resistance mechanisms \[[@pone.0229104.ref006]\]. Persistence of leukemic stem cells (LSCs) and a LSC-like phenotype based on BCR/Abl protein suppression have also been reported as TKI resistance mechanisms. \[[@pone.0229104.ref007]\] These defined mechanisms are far from covering all cases of TKI-unresponsive CML patients and in many cases the cause of resistance remains unknown \[[@pone.0229104.ref005]\]; suggesting yet unidentified mechanisms and additional routes involving epigenetic events or environmental factors. The persistence of LSCs despite long-term TKI-therapy is accepted to be the most important factor in leukemia progression related to TKI resistance. Recent studies have shown that changes in cell metabolism (oxygen/glucose shortage) suppresses BCR/Abl protein expression and favors the expansion of cells with a leukemia stem cell (LSC) phenotype. These LSC are refractory to imatinib mesylate and lead to TKİ resistant disease \[[@pone.0229104.ref007],[@pone.0229104.ref008]\]

Phenotypic and functional heterogeneity arise among cancer cells within the same tumor as a consequence of the genetic mutations, environmental differences and reversible changes in cell properties. Recently, "phenotype switching" has been identified as an escape route for cancer cells \[[@pone.0229104.ref009]\]. By switching from a proliferative to an invasive state, cancer cells acquire resistance to therapeutics. Reversible phenotypic plasticity in tumor cells renders a proportion of cells to be more aggressive and resistant to therapy \[[@pone.0229104.ref010],[@pone.0229104.ref011]\]. The most studied form of tumor cell plasticity is the epithelial-mesenchymal transition (EMT). EMT is a biological process that involves loss of cell polarity and cell-cell contact accompanied by the reorganization of the cytoskeleton, resulting in the conversion of epithelial cells to a characteristically invasive mesenchymal phenotype \[[@pone.0229104.ref012]\]. It has been shown that cancer cells can reside in various phenotypic states along the EMT spectrum, in which they can retain both epithelial and mesenchymal traits together, at varying degrees \[[@pone.0229104.ref011]\]. The hallmark of EMT is the loss of epithelial surface markers---mainly E-cadherin- and the acquisition of mesenchymal markers by an epigenetically mediated process \[[@pone.0229104.ref011],[@pone.0229104.ref013],[@pone.0229104.ref014]\].

EMT is a well-studied process involving the plasticity of tumor cells, yet cell plasticity is not limited to epithelial tumors. To understand the role of cellular plasticity in TKI-resistant CML cells, we generated a high dose imatinib-resistant K562 sub-population, K562-IR. We've shown that K562-IR cells are not only resistant to imatinib but also to 2^nd^, 3^rd^ generation TKIs and cytotoxic drugs. K562-IR cells are BCR-Abl-independent, no longer requiring it as a survival signal; characteristics comparable to LSCs. Yet, phenotypically K562-IR cells are not LCS, hence they are CD34 negative. They are highly adherent, proliferate slowly and show characteristics of a partially reprogrammed cell. Cell surface marker and protein analyses point towards an adaptive phenotypic shift that confers drug resistance. Hence, we show that therapies targeting driver mutations may not be sufficient to eliminate cancer cells due to an inherent plasticity which will let them undergo a phenotypic adaptation resulting in acquired resistance independent of secondary genetic events.

Materials and methods {#sec002}
=====================

This study is approved by Dokuz Eylul University Non-surgical Ethics Comitee with the permit number: 2011/20-03.

Cell lines {#sec003}
----------

K562 (BCR-ABL-positive human CML cell line) was purchased from ATCC^®^. Cells were gradually exposed to increasing concentrations of imatinib (starting dose, 0,1μM; final dose, 10μM). 5μM is the maximum serum concentration (C~max~) reported in patients calculated after daily uptake of 400g Glivec \[[@pone.0229104.ref015]\]. The process generated an imatinib-resistant sub-population, K562-IR. Parental K562 cells were maintained in parallel cultures as control. Both cell lines were cultured in RPMI 1640 supplemented with 10% FBS, 1 unit/mL penicillin G, and 1 mg/mL streptomycin at 37°C in 5% CO^2^. K562-IR cells were continuously cultured in the presence of 10μM imatinib, "K562-IR w/o IM" indicates K562-IR cells grown in drug-free medium for four weeks.

BCR-Abl kinase domain mutation, BCR-ABL gene expression and FISH analyses {#sec004}
-------------------------------------------------------------------------

RNA extraction and cDNA synthesis were performed by MN Nucleospin RNA II kit (Cat. No: 740955.50) and Fermentas M-MuLV Kit (\#K1611) respectively. Primers were designed to generate four overlapping fragments in the BCR-Abl kinase domain ([S1 Materials and Methods](#pone.0229104.s001){ref-type="supplementary-material"} of S1 Table). PCR products were sequenced by Macrogen Inc., Korea. The sequencing results of each fragment were compared between K562 and K562-IR cell lines and with the NCBI BCR-Abl kinase domain default sequence using NCBI Blast online tool (<https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch>). All analyses were done at three different time points (doi:[10.6084/m9.figshare.c.4787100.v1](https://doi.org/10.6084/m9.figshare.c.4787100.v1)). q-RT-PCR was performed using Roche Diagnostics TaqMan Master Kit (0453528001) with Roche Capillaire LightCycler v.4.0.0.23 software (Roche Diagnostics, Mannheim, Germany). FISH analysis was carried out with Cytocell Aquarius^®^ BCR/ABL Translocation Prob Dual Fusion (\#LPH007) according to the manufacturer's protocol. Three hundred randomly selected cells from K562 and K562-IR slides were counted and compared in terms of red (Abl), green (BCR) and fusion (yellow) signal number and amplification feature (disperse/cluster). Images were captured using NIKON Eclipse E600 epifluorescence microscope. Primers, BCR-ABL hydrolysis probe, and thermal profile are listed in [S1 Materials and Methods](#pone.0229104.s001){ref-type="supplementary-material"} of S2 Table.

Treatment with tyrosine kinase inhibitors {#sec005}
-----------------------------------------

K562 and K562-IR w/o IM cells were treated with imatinib, dasatinib, nilotinib, bosutinib and ponatinib with molarities corresponding to the highest plasma concentrations (C~max~) in patients \[[@pone.0229104.ref016]--[@pone.0229104.ref020]\] for 24, 48 and 72h, in 6-well plates. For high dose TKI treatment, both cell lines were treated with 10μM final concentration of each TKI in similar experimental settings. At each time point, cell viability was analyzed by trypan blue staining and Mitochondrial Membrane Potential/Annexin V Apoptosis Kit (Invitrogen, \#V35116) according to the manufacturer's instructions ([S1 Results](#pone.0229104.s002){ref-type="supplementary-material"} of S1 Fig).

Cell viability analyses, proliferation and senescence assays {#sec006}
------------------------------------------------------------

### AnnexinV/Mitotracker apoptosis assay {#sec007}

Invitrogen Mitochondrial Membrane Potential/Annexin V Apoptosis Kit (\#V35116) was used according to the manufacturer's instructions. Results were interpreted as positive (living cells) by red fluorescence positivity and green fluorescence negativity which indicates living cells at the appropriate wavelengths via flow cytometry (BD FACSCanto II). ([S1 Results](#pone.0229104.s002){ref-type="supplementary-material"} of S1 Fig). WST-8 tetrazolium salt-based Cell Counting Kit-8 (Sigma-Aldrich, USA) was used as stated by the manufacturer for proliferation assays. Four 96-well plates were prepared for 0 h, 24h, 48h, 72h time points. Colorimetric analysis was performed with a microplate reader (BioTek Synergy HT) at 450nm absorbance. For senescence assays, 1x10^5^ cells were plated into 6-well plates. After 48h, 50nM doxorubicin was added to positive control wells. Assays were performed after 24h, using a SA-B-galactosidase based senescence assay kit (Cell Signaling, \#9860) according to manufacturer's instructions. All procedures were done in triplicate.

Western blot and immunofluorescence staining {#sec008}
--------------------------------------------

Protein lysates were prepared with RIPA buffer with 1mM PMSF and PhosSTOP phosphatase inhibitors (Sigma), quantified by Pierce BCA Protein Assay Kit (\#23225) and analyzed by standard protocols. Antibodies are given in [S1 Materials and Methods](#pone.0229104.s001){ref-type="supplementary-material"}. For immunofluorescence staining, cells were plated on lysine-coated coverslips and processed by standard methods followed by incubation with primary antibodies against CD-44 (R&D BBA10) and E-cadherin (Abcam, ab760055) overnight at 4°C and stained with conjugated-secondary antibodies. Cells were visualized by fluorescent microscopy (Olympus BX-51 and the Olympus C-5050 digital test).

Spheroid formation assay {#sec009}
------------------------

1x10^4^ cells were plated per well in a 6-well plate pre-coated with 1ml of 3% Noble agar (w/v) (Difco Laboratories, Inc.; BD Diagnostic Systems, Detroit MI, USA) in serum-free RPMI 1640 and incubated at 37°C in 5% CO2 for 15 days. K562-IR cells are incubated with (10μM) and without imatinib. The number and diameter of colonies were photographed and counted every two days (Olympus BX-51, Germany) and the images of the representative fields were captured. Each sample was analyzed in triplicate.

Flow cytometry assays for surface molecules {#sec010}
-------------------------------------------

Cells were collected by centrifugation and fixed with 3.7% formaldehyde for 15 min at room temperature. After PBS washing steps, cells were stained with the conjugated-primary antibody or native primary antibody for 1h at room temperature in %5 BSA/PBS buffer. Cells were washed and stained with conjugated-secondary antibody for 30 min at room temperature in %5 BSA/PBS buffer. Following washing, cells are re-suspended in 500μl PBS and analyzed with BD FACS Calibur. Positive staining for each marker was determined by comparison with the only secondary antibody or appropriate isotype-matched of conjugated-primary antibodies as controls. Antibodies used are given in [S1 Materials and Methods](#pone.0229104.s001){ref-type="supplementary-material"}.

Genome-wide gene expression profiling {#sec011}
-------------------------------------

K562 cells (K), K562-IR cells grown without imatinib (IR w/o IM), K562-IR in suspension grown with 10μM imatinib (IR w/ IM) and K562-IR adherent spindle-like cells grown with 10μM imatinib (S) were collected in triplicate and embedded in RNA-later solution (Invitrogen, Ambion, \#AM7024) for further procedures. Transcriptome analyses were performed by AROS Applied Biotechnology, Denmark, with Illumina platform HumanHT-12 v.4 Expression BeadChip. Detailed data analyses are given in [S1 Materials and Methods](#pone.0229104.s001){ref-type="supplementary-material"}. Microarray validation procedures and primers are given in [S1 Materials and Methods](#pone.0229104.s001){ref-type="supplementary-material"} of S3 Table, respectively.

Detailed protocols for trans-differentiation experiments are given in [S1 Materials and Methods](#pone.0229104.s001){ref-type="supplementary-material"}.

Results {#sec012}
=======

K652-IR cells are resistant to 1^st^ 2^nd^ and 3^rd^ generation TKIs and does not conform to known TKI resistance mechanisms {#sec013}
----------------------------------------------------------------------------------------------------------------------------

Established patient serum concentrations (C~max~) and 10μM were used in separate sets of experiments to assess TKI resistance. K562-IR cells are resistant to all therapeutics tested at molarities equivalent to C~max~ concentrations. Unlike C~max~ concentrations, extensive cell death was observed at 10μM concentrations of bosutinib and ponatinib ([Fig 1A and 1B](#pone.0229104.g001){ref-type="fig"}). It is of note that 10μM is 80-fold and 30-fold higher than the C~max~ in patients for ponatinib and bosutinib, respectively. Therefore, under a translational-to-the-clinic point of view, K562-IR cells were categorized as being resistant to bosutinib and ponatinib as well.

![K562-IR cells are resistant to TKIs and do not conform to known TKI resistance mechanisms.\
A. Cell viability of K562 and K562-IR cell treated with 10μM TKIs B. Cell viability of K562-IR cells treated with C~max~ (daily clinical dose) concentrations. Flow cytometry analyses results were shown in the [S1 Results](#pone.0229104.s002){ref-type="supplementary-material"} of S1 Fig. Cells were treated with TKIs for 24, 48 and 72h followed by trypan blue staining and flow cytometry analyses for assessing cell viability. Only 72h results are presented. Viability was measured by counting live cells via hemocytometer after staining. Non-TKI treated cells were used for normalizing viability percentages. C. FISH analysis of K562 and K562-IR cell lines. Randomly selected 300 cells were analyzed for Bcr (green), Abl (red) and fusion (yellow) signals and amplification feature (cluster/disperse). The comparison of the two cell lines showed no significant difference. D. BCR-ABL q-RT-PCR gene expression levels revealed no significant difference between two cell lines (p\>0.05) (n = 3 biological, 2 technical replicates in each). E. BCR-Abl and PDGFR pathway Western Blot analysis. Activation of proteins involved in BCR-Abl and PDGFR signaling pathway was studied using phospho-antibodies cocktails. eIF4E is loading control. BCR-Abl pathway was studied in cell lysates of K562, K562 grown in complete media supplemented with 5μM imatinib for 24h and K562-IR cells which were continuously incubated in complete media with 10μM imatinib. PDGFR pathway was studied using lysates of K562 as control and K562-IR cell which were continuously incubated in complete media with 10μM imatinib. Imatinib inhibits effectively BCR-Abl and PDGFR signaling in the K562-IR cells. Full-length blots and visualisation are presented in, [S1 Raw image](#pone.0229104.s003){ref-type="supplementary-material"}.](pone.0229104.g001){#pone.0229104.g001}

In the aim to identify underlying resistance mechanisms in K562-IR cells, we initially investigated the presence of ABL domain mutations ([S1 Materials and Methods](#pone.0229104.s001){ref-type="supplementary-material"} of S1 Table). Sequencing data revealed that no kinase domain mutations were present (n = 3 biological replicate). Both cell lines showed extensive oncogene amplification, albeit there was no difference between the two ([Fig 1C](#pone.0229104.g001){ref-type="fig"}). In addition, no difference in BCR-ABL mRNA expression levels was observed between K562 and K562-IR ([Fig 1D](#pone.0229104.g001){ref-type="fig"}). Drug influx-efflux mechanisms along with binding to serum proteins will render TKI intra-cellular bioavailability. Western blot with antibodies specific for phosphorylated BCR-Abl and its downstream molecules were performed in aim to show whether imatinib is available within the cell at sufficient quantities to inhibit BCR-Abl signaling. No difference in the inhibition of p-BCR-Abl, p-STAT5 and p-CrkL between K562 and K562-IR cells was observed; indicating imatinib is sufficiently active and functional in both cell lines. In the presence of imatinib, PDGFR signaling is also inhibited in both cell lines ([Fig 1E](#pone.0229104.g001){ref-type="fig"}). K562-IR cells are resistant to imatinib and other TKIs despite inhibited BCR-Abl and PDGFR signaling pathways, implying BCR-Abl signaling no longer provides a survival signal for these cells and the presence and function of imatinib are inconsequential.

TKI-resistant K562-IR cells display phenotypic plasticity {#sec014}
---------------------------------------------------------

K562-IR cells have the potential to adhere and form monolayers ([Fig 2A](#pone.0229104.g002){ref-type="fig"}). Wild-type K562 cells normally grow in suspension. After successive clonal selection for imatinib resistance, cells were observed to adhere to the flask surface and gain a spindle-like shape. Although K562-IR cells are morphologically indistinguishable from the parental K562 cell line when grown in suspension; when grown in tissue culture flasks and left undisturbed they were observed to form foci and monolayer sheets. In sequential splits of K562-IR, 15--50% percent of cells growing in suspension developed adherent, fibroid morphology, implying the capacity of a dynamic and reversible phenotype switch. To verify that these adherent cells originated from K562, authentication analyses were performed ([S1 Results](#pone.0229104.s002){ref-type="supplementary-material"} of S2A, S2B, S2C Fig).

![Cellular morphology and proliferative properties of K562-IR cells.\
A. K562 parental cells (I). K562-IR cells 24h day after of a new passage. A few adherent cells are observed. (II). The proliferation of adherent K562-IR cells (III). Monolayer of K562-IR cells after long-term culture and continuous removal of cells in suspension (IV). Adherent K562-IR cells forming colonies (V). Adherent K562-IR cells displaying different morphologies (VI-VIII) (Euromex inverted microscope, OX.2053 and DC5 optical imager). B. Comparison of the proliferation rates between K562, K562-IR w/o imatinib and K562-IR w/ imatinib. Cells at 24,48 and 72h time points using WST-8. The proliferation rate of K562-IR cells is approximately 4-fold slower than K562 at 72h (student t-test p≤0.01) (n = 3 biological replicates) C. ß-galactosidase senescence assay of K562 and K562-IR growing in media with imatinib. 50nm doxorubicin was added for 24h as positive control (upper right-lower right). The presence of imatinib does not trigger senescence in K562-IR cells. While doxorubicin induces senescence in K562 cells, K562-IR cells are resistant to this effect. (Euromex inverted microscope, OX.2053 and DC5 optical imager).](pone.0229104.g002){#pone.0229104.g002}

TKI-resistant K562-IR cells proliferate slower than their parental counterparts and are resistant to doxorubicin-induced senescence {#sec015}
-----------------------------------------------------------------------------------------------------------------------------------

Another prominent observation is that the K562-IR cells proliferate 4-fold slower than K562, independent of the presence of imatinib ([Fig 2B](#pone.0229104.g002){ref-type="fig"}). To exclude the possibility that these cells are prone to senescence or that the presence of imatinib in growth media may be inducing senescence, SA-B-galactosidase activity was tested in both cell lines. Without induction, senescent cells were not observed in neither K562 nor K562-IR cells. Following doxorubicin induction, K562 cells entered senescence whereas K562-IR cells were not affected ([Fig 2C](#pone.0229104.g002){ref-type="fig"}). K562-IR cells are resistant to doxorubicin-induced senescence implying resistance to cytotoxic drugs as well as TKIs.

TKI-resistant K562-IR cells form tumor spheroids, express high levels of E-cadherin, caveolin-1, CD44 and decreased β-catenin {#sec016}
-----------------------------------------------------------------------------------------------------------------------------

K562, K562-IR, and K562-IR grown w/o imatinib were incubated in soft agar culture medium for two weeks. Multicellular tumor spheroid formation was observed only in the K562-IR cells, independently of the absence or the presence of IM in culture medium, with comparible diameters. This observation suggests that imatinib is not involved in spheroid formation ([Fig 3A](#pone.0229104.g003){ref-type="fig"} and [S1 Results](#pone.0229104.s002){ref-type="supplementary-material"} of S6 Fig). E-cadherin is the major adhesion molecule mediating tight cell-cell interaction and has been correlated with compact spheroid formation \[[@pone.0229104.ref021]\]. E-cadherin is not expressed in the parental K562 cell line as expected from hematopoietic cells. On the contrary, E-cadherin expression was found to be remarkably high in resistant K562-IR cells ([Fig 3B](#pone.0229104.g003){ref-type="fig"}).

![K562-IR cells form intact tumor spheroids and express E-cadherin.\
A. Spheroid formation assay of K562 and K562-IR w/ IM (10μM) cells in agarose culture for 15 days. K562 cells do not form tumor spheroids whereas K562-IR cells show extensive spheroid formation (n = 3 biological replicate). Spheroid diameter measurements of K562-IR cells were performed every two days using an Olympus BX-51 microscope. B. E-cadherin immunofluorescence staining of K562 (upper row) and K562-IR (lower row) cells (Olympus BX-51 and the Olympus C-5050 digital test). K562-IR cells display high expression levels of E-cadherin.](pone.0229104.g003){#pone.0229104.g003}

Recent studies have reported cross-talk between E-cadherin, Caveolin-1, β-catenin and TGF-β signaling \[[@pone.0229104.ref022]--[@pone.0229104.ref026]\]. Caveolin-1 protein is highly expressed in the K562-IR cell line when compared to K562. In light of studies reporting caveolin-1 interaction with E-cadherin, the increase of E-cadherin expression in concomitance with that of Caveolin-1 in the K562-IR cell line may suggest that these two proteins work in concert. β-catenin expression is decreased in K652-IR cells ([Fig 4B](#pone.0229104.g004){ref-type="fig"}). The decrease in β-catenin supports the slow proliferation rate observed in K562-IR cells. E-cadherin sequesters cytoplasmic β-catenin which is necessary for the transcription of genes of the proliferative Wnt signaling pathway. On the other hand, β-catenin is a crucial molecule in HSC and LSC maintenance \[[@pone.0229104.ref027]\] and a decreased expression does not support a stem-like phenotype. Another critical molecule in the regulation and maintenance of stem-like features is CD44, which has been shown to have a role in the localization of LSCs, and its suppression results in their elimination \[[@pone.0229104.ref028]--[@pone.0229104.ref031]\]. The K562-IR cell line expresses high levels of CD44, as shown by immunofluorescence and western blot assays ([Fig 4A and 4B](#pone.0229104.g004){ref-type="fig"}).

![Protein expressions of CD44, Caveolin-1, and B-catenin in K562 and K562-IR cells.\
A. CD44 immunofluorescence staining. DAPI was used for nuclear visualization. Total corrected cellular fluorescence (TCCF) intensity of CD44 immunofluorescence images (right). (TCCF = Integrated Density--area of selected cell X mean fluorescence of background readings). Measurements were performed using the ImageJ software ^40^. K562-IR cells express CD44 protein higher than K562 (student t-test p ≤ 0.001) B. Western blot analyses of CD44, Caveolin-1, and B-catenin show that these proteins are highly expressed in K562-IR. B-catenin expression has decreased in K562-IR cells when compared to K562. B-actin and eIF4E were used as loading controls. (n = 3 biological replicates). Full-length blots and visualisation are presented in [S1 Raw image](#pone.0229104.s003){ref-type="supplementary-material"}.](pone.0229104.g004){#pone.0229104.g004}

TKI-resistant K562-IR cells have an altered surface marker profile {#sec017}
------------------------------------------------------------------

Tra-1-60 and Tra-1-81 were slightly positive in both ancestral and resistant cell populations with no difference in expression between the two groups. ([S1 Results](#pone.0229104.s002){ref-type="supplementary-material"} of S5 Fig) SSEA-4 is negative in ancestral K562 cells, while K562-IR cells display a low level of positivity ([Fig 5](#pone.0229104.g005){ref-type="fig"}). The expression of CD45 (leukocyte common antigen-LCA, the general marker for hematopoietic cells) is significantly reduced in resistant cells; suggesting that K562-IR cells are gradually drifting away from their hematological origin. Cell surface expression of CD33, CD146, and CD65 was also decreased in K562-IR.

![Flow cytometry of cell surface markers of K562 and K562-IR cells.\
CD45, CD33, CD65, CD146 hematologic marker expressions are reduced in K562-IR cells. CD44 and SSEA-4 have increased expression while no difference was observed in CD34 and CD38. Grey area in the histograms is background signal from isotype control. (n = 3 biological replicates).](pone.0229104.g005){#pone.0229104.g005}

CD34 and CD38 are markers for both HSC and LSCs. K562 and K562-IR cells are negative for CD38 in repeated experiments. CD34 expression was either negative or displayed low positivity (1--4%) and comparable in both cell lines ([Fig 5](#pone.0229104.g005){ref-type="fig"}).

TKI-resistant K562-IR cells do not differentiate into other mesenchymal lineages {#sec018}
--------------------------------------------------------------------------------

Both surface protein expressions and cellular morphology have shown that K562-IR cells phenotypically shifted away from their hematological origins. We performed functional essays to test MSC-like features. K562 and K562-IR cells were tested for differentiation to adipocytes and osteoblasts when grown in inductive media. Neither cell line displayed adipocyte- or osteocyte-like features ([S1 Results](#pone.0229104.s002){ref-type="supplementary-material"} of S3A-S3B-S3C Fig). K562-IR cells did not display a potential to differentiate to other mesenchymal lineages in our experiments.

Gene expression profiling indicates K562-IR cells differentially express tissue/organ development and differentiation genes {#sec019}
---------------------------------------------------------------------------------------------------------------------------

Three groups of resistant K562-IR cells (IR w/ IM, with imatinib; IR w/o IM, without imatinib/suspension cells; and S, IR with imatinib/adherent spindle-shaped cells) were compared to parental the K562 cell line (K). The most common biological processes relative to gene ontology taken into consideration for enrichment analysis are associated with development, differentiation, and morphology. According to functional annotation analysis, three of the first five clusters are related to development/differentiation biological processes; in addition, the tenth cluster is enriched in mesenchymal cell development ([Fig 6A](#pone.0229104.g006){ref-type="fig"}). 462 and 310 genes involved in developmental and differentiation processes, respectively, are differentially expressed in the K562-IR cells compared to ancestral K562 ([S1 Results](#pone.0229104.s002){ref-type="supplementary-material"} of S4 Fig) The gene expression profiles of the three groups of resistant cells are more related to each other than to the ancestral K562 cells as seen in heatmap analysis ([Fig 6B](#pone.0229104.g006){ref-type="fig"}). Interestingly, the gene expression profile of the IR w/o IM group does not extensively overlap with the other two resistant cell groups. In addition, these cells have not converted back to the expression profile of K562 cells. These findings reveal the acquisition of a new transcriptional background reflecting an altered phenotype for the resistant cells. This altered phenotype does not overlap with LSC/CSC features, but rather reflects a loss of identity or an intermediate metamorphic state.

![Gene Ontology and heatmap analysis of transcriptome data.\
A. Functional annotation cluster analysis based on Gene Ontology (GO) Biological Process (BP) terms. Analysis was performed using DAVID 6.7 database for differentially expressed genes (FDR \< 0.05 and fold change \> 2 or \< 2) of IR w/ IM vs. K comparison. B. Heatmap generated from triplicate microarray analyses of differentially expressed genes considering a FDR adjusted p-value less than 0.05 as statistically significantly changed. Abbreviations: "K", K562 cells incubated in complete media; "IR w/o IM", floating K562-IR cells in suspension incubated in complete media without imatinib for four weeks; "IR w/ IM", floating K562-IR cells in suspension continuously incubated in complete media with 10μM imatinib; "S", spindle-shaped K562-IR cells continuously incubated in complete media with 10μM imatinib.](pone.0229104.g006){#pone.0229104.g006}

Discussion {#sec020}
==========

The BCR-Abl oncoprotein provides a survival signal for CML cells. Unlike conventional chemotherapy approaches, the success of TKIs in the treatment of CML lies in triggering cell death by blocking BCR-Abl signaling. Nevertheless, resistance to TKIs still remains a challenge in a subgroup of patients. Known resistance mechanisms do not cover all cases and yet unidentified mechanisms and additional routes involving epigenetic events have been suggested as a cause where known mechanisms have been excluded.

We treated K562 cells with increasing doses of imatinib, resulting in the selection of a high dose TKI-resistant sub-population of K562 cells---K562-IR. The K562-IR cell line proliferates slower than the parental cell line, is capable to adhere and grow as a monolayer, and shows characteristics of a partially reprogrammed cell. Cell surface marker and protein analyses point towards a phenotypic shift towards a non-hematopoietic cell, implying an adaptation process in the presence of BCR-Abl inhibition. K562-IR cells are highly resistant to TKIs. Sequence analysis of resistant and ancestral K562 cells for the BCR-Abl domain region did not reveal any base changes. Similarly, there was no difference between the resistant and sensitive cells in terms of BCR-ABL gene amplification. The endpoint of other defined TKI resistance mechanisms can be generalized as the inability of TKIs to reach intracellular therapeutic concentrations. Intracellular imatinib concentrations were tested indirectly by comparing inhibition of BCR-Abl signaling. Autophosphorylation of BCR-Abl and downstream proteins were reduced following imatinib treatment in both K562 and K562-IR cells. Although imatinib was shown to be effective and sufficient in inhibiting BCR-Abl signaling in K562-IR cells, cell death is not observed, suggesting that BCR-Abl kinase activity is no longer a survival signal. It is of note that our transcriptome analysis showed an increase in the expression of MDR (multidrug resistance) related ABC family genes in K562-IR cells. The presence of any chemical stress factor in the environment will lead to the increased expression of these transporter genes. Based on two observations, we did not interpret this as a mechanism of resistance: 1) Transcriptome data reveals a statistically significant increase in ABCC3, ABCB1, and ABCA1 gene expressions when imatinib is present, whereas when the stress factor (imatinib) is removed, gene expression relatively decreases as expected; 2) BCR-Abl downstream protein phosphorylation reveals that intracellular imatinib concentrations are sufficient to inhibit BCR-Abl signaling indicating that TKI are active and thereby that TKI resistance is not associated with increased drug efflux.

The most important observation is the phenotypic plasticity of K562-IR cells. The parental K562 cells are of hematopoietic origin, round-shaped and grow in suspension. During clonal selection under selective imatinib pressure, adherent spindle-shaped cells capable of growing as a monolayer emerged. 168 genes involved in adhesional processes are differentially expressed in the K562-IR cells compared to ancestral K562 ([S1 Results](#pone.0229104.s002){ref-type="supplementary-material"} of S4 Fig). When K562-IR cells suspended in culture media above the adherent cells are removed and transferred to new flasks, a subset of cells repeatedly adhere to the culture vessel while maintaining a suspended population; suggesting that the phenotypic plasticity observed in TKI-resistant K562-IR cells is a dynamic and reversible phenomenon.

K562-IR cells proliferate slower than parental K562 cells. To exclude the possibilities that the presence of imatinib in growth media may induce senescence or that these cells are inherently prone to senescence, we tested for SA-B-galactosidase in both cell lines. In the absence of inductive treatment, no senescent cells in neither the ancestral K562 cell line nor in the K562-IR cells (with or w/o imatinib) were observed. K562 cells enter senescence after treatment with doxorubicin, in the positive control groups; whereas K562-IR cells are not affected by and resistant to senescence induced by doxorubicin -a conventional therapeutic agent- implying a resistance to cytotoxic drugs as well as TKIs. Slowly proliferating cells in cancer cell populations are frequently associated with cancer/leukemic stem cells (CSCs/LSCs). CSCs/LSCs are defined as a subgroup cell with the capacity for self-renewal and generating all cancer cell lineages of the original tumor. LSCs/CSCs are crucial players in tumor relapse and therapy resistance with important clinical implications. Many studies have demonstrated that CML is maintained by LSCs, mirroring the hierarchically-structured normal hematopoietic system maintained by self-renewing HSCs \[[@pone.0229104.ref032]\]. CML LSCs do not depend on BCR-Abl signaling for their survival and are free from oncogene addiction \[[@pone.0229104.ref033]\]; thus are able to survive under prolonged TKI treatment.

Considering the morphological and transcriptional differences of the K562-IR cells, we examined their behavior in a semi-solid environment to investigate colony forming capacity. The capability to form spheroids in vitro is regarded as a convenient surrogate to evaluate tumor-initiating potential \[[@pone.0229104.ref034]\]. In multicellular tumor spheroid assays, while K562-IR cells form smooth-walled, tightly-packed dense spheroid structures, this type of spheroid formation is not detected in K562 ancestral cells. Xin et al. emphasized in a study that the well-established multi-drug-resistant cell line K562/A02, formed compact and "relatively" large spheroids compared to K562 cells in serum free medium containing EGF and bFGF \[[@pone.0229104.ref035]\]. In this study, spheroid formation of K562 cells could be related to the effect of growth factors, although no significant compact spheroid structures were observed. Previous studies have also reported that growth factors have an effect on mitogenic potential, differentiation capacity and spheroid formation efficiency \[[@pone.0229104.ref036]--[@pone.0229104.ref038]\]. In addition, Puissant et al. reports that an imatinib-resistant and highly adherent K562 cells (IM-R Adh) can produce spheroid, whereas imatinib-sensitive (IM-S) counterparts cannot \[[@pone.0229104.ref039]\]. The spheroid formation is associated with E-cadherin expression, an epithelial-derived surface-binding molecule of the cadherin superfamily. K562-IR cells express high levels of E-cadherin, both in their suspension and adherent forms. The fact that K562-IR cells express an epithelial marker suggests that these cells have undergone a significant phenotypic shift via transcriptional/epigenetic changes under stress conditions. E-cadherin is a critical molecule in tumor cell plasticity defined in the context of EMT \[[@pone.0229104.ref011]--[@pone.0229104.ref014]\]. In normal cells, E-cadherin sequesters cytoplasmic β-catenin which is necessary for the transcription of genes of the proliferative Wnt signaling pathway. Loss of E-cadherin and the accumulation of β-catenin are observed in EMT; whereas the reverse is true for mesenchymal-epithelial transition (MET) \[[@pone.0229104.ref026]\]. EMT/MET processes as defined in literature are not comprehensively relevant to these cells that are derived from hematopoietic tissue. In addition, activated Wnt/β-catenin signaling has been shown to be essential in HSCs and CML LSCs \[[@pone.0229104.ref027],[@pone.0229104.ref040]\]. Although K562-IR cells display spheroid formation associated with CSCs; they also have decreased β-catenin expression that does not corroborate with LSC features. K562-IR cells are not epithelial cells, they are able to grow as adherent cells but are morphologically indistinguishable from K562 cells when in suspension. Recent investigations have argued that EMT-MET is not a binary process, rather cells can attain stable hybrid epithelial/mesenchymal phenotypes \[[@pone.0229104.ref041]\]. Hybrid epithelial/mesenchymal phenotypes may not merely be steps that epithelial cells undergo during embryogenesis and metastasis, but also adaptive states that a cell reverts to under environmental triggers, regardless of its original lineage.

To further characterize K562-IR cells, flow cytometry studies were performed with antibodies against hematopoietic cell and stem cell, mesenchymal stem cell, and pluripotency markers. CD34 and CD38 are basic hematopoietic stem cells and LSC markers. Both K562 and K562-IR cells were found to be CD34^-^/CD38^-^. The CD34^-^**/**CD38^-^ profile does not coincide with "stemness" and reflects a more differentiated phenotype. Pluripotency markers Tra-1-60 and Tra-1-81 surface proteins displayed low-level positivity in both K562 and K562-IR cell populations with no difference in expression between the two groups. SSEA-4, a molecule synthesized in pluripotent cells is negative in K562 cells, while a low level of positivity is observed in K562-IR cells. CD45 an important marker for cells of hematopoietic origin is significantly reduced in K562-IR, supporting evidence that they have drifted away from their hematological origins. In line with these observations, CD146 expression -which is exclusively expressed in myeloid cells-, is decreased in K562-IR.

CD44 is a widely used CSC marker in solid tumors and also recognized as a regulator of LSC maintenance in the hematopoietic stem cell niche \[[@pone.0229104.ref042]\]. CD44 protein was expressed at high levels in K562-IR cells. The defined Ph^+^ CD34^+^ LSC compartment in CML is proposed to be BCR-Abl-independent and resistant to TKI treatment. K562-IR cells are negative for CD34 but positive for another stem cell marker CD44; and as CML LSCs, they are BCR-Abl independent. They express both epithelial and mesenchymal markers associated with cellular plasticity. Our data suggest K562-IR cells display some characteristics of LSCs but do not conform in terms of phenotypic markers of the CML LSC phenotype described in literature. When functionally tested for MSC properties, K562-IR cells did not convert to adipocytes or osteocytes in trans-differentiation experiments. Our results reveal that these cells are partially reprogrammed cells that have lost their identity and reside in a metamorphic state to maintain self-preservation.

K562 cells have been extensively used as an in vitro model system for studying the differentiation along the erythroid and megakaryocytic-monocytic lineages. There are numerous studies in literature that have reported phenotypic changes in K562 cells following treatment with different compounds to induce differentiation. Treatment with phorbol esters has been shown to induce differentiation along a megakaryocytic-monocytic lineage whereas treatment with hemin, 5-azacytidin, l-/3-D-arabinofuranosylcytosine, daunomycin or herbimycin A can induce differentiation along an erythroid lineage \[[@pone.0229104.ref043]--[@pone.0229104.ref049]\]. Induced differentiation of K562 with various compunds leads to a slower proliferation rate and alterations in adhesion properties of these cells. However in all of these studies K562 cell have differentiated in to cells of hematological origin and have not been reported to express epithelial markers. In addition, these induced differentiation studies do have not resulted in K562 cells growing as monolayers.

Two different studies support our observations. Puissant et al. reported an adherent subpopulation of K562 selected under imatinib pressure, with a CD34^+^/CD44^high^/CD24^low^ phenotype \[[@pone.0229104.ref039]\]. They reported increased transmigration and invasion in this CML cell subpopulation through overexpression of the αVβ3 integrin receptor leading to FAK/Akt pathway activation. Chorzalska et al. also reported that prolonged exposure to imatinib in culture resulted in adherent K562 cells. They demonstrated the upregulation of pluripotency markers and adhesion receptors in TKI-resistant adherent CML cells \[[@pone.0229104.ref050]\]. Both groups' data and ours support prolonged imatinib exposure results in cellular plasticity and an adherent phenotype acquisition. Nevertheless, there are reported differences in phenotypic markers and gene expression. We suggest that the observed differences in marker and gene expression are a result of transcriptional instability in search of a stable gene expression framework, suitable for new environmental stresses. In another report, CML cells incubated in low oxygen, were shown to completely suppress the BCR/Abl protein \[[@pone.0229104.ref008]\]. Cells selected in low oxygen display LSC like properties and are resistant to imatinib because their molecular target is suppressed. However, we have shown that K562-IR cells continue to express BCR-Abl protein, and do not display LSC surface markers. New environmental stressors result in selection pressures favoring divergence from the ancestral state. Cells capable of losing identifiable qualities and de-differentiate to a more primitive state may display higher fitness in challenging environments. Partially reprogrammed cells have been a focus of interest in recent years. Reprogramming is a gradual process \[[@pone.0229104.ref051]\]. The intermediate states during the generation of pluripotent cells have overlapping features regardless of cellular origin. Genome-wide expression analyses have shown that partially reprogrammed cell lines derived from B cells and fibroblasts are more similar to each other than to their cells of origin. In addition, inhibition of differentiation-associated pathways is crucial for inducing pluripotency \[[@pone.0229104.ref051],[@pone.0229104.ref052]\]. An intermediate/ primitive metamorphic cellular state may be a common feature of phenotypic switching, whether induced in a lab or emerged naturally as a response to environmental stress.

Adaptation by phenotypic plasticity is achieved by transcriptional instability; defined as the search for alterations in the expression of necessary genes required to change the epigenetic landscape of the cell. This landscape is a dynamic structure and it is plausible that the transcriptional infrastructure may be instable. In the context of imatinib resistance, adaptive flexibility offers a unique resistance model. Due to fluctuations in mRNA and protein expressions of each cell, a variable sensitivity exists in CML cells to identical active intracellular imatinib concentrations. Transcriptional instability as a stress response may result in acquired transcriptional flexibility allowing for a BCR-Abl independent phenotype to emerge. Targeted/conventional therapies may actually promote phenotypic switching in neoplastic cells, allowing them to acquire resistance. An adaptive phenotypic shift (APS) to a relatively primitive "no-name" phenotype will confer upon cells BCR-Abl independency ([Fig 7](#pone.0229104.g007){ref-type="fig"}). Cells displaying APS will be able to reside dormant in the bone marrow niche with the capacity to revert back to its original phenotype once the stressor is removed or with the accumulation of additional mutations. Cells undergone APS will display different transcriptional frameworks; some partially, others fully compatible with the LSC/CSCs phenotype. Thus, LSC/CSCs may be transient states rather than entities. Recognizing adaptive phenotypic shift has great clinical importance. With LSC/CSC targeted therapies underway, the difference between treating an entity and a spectrum of dynamic reversible states will have conclusive effects on the outcome. The concept of APS may also be generalized to solid tumors in the contexts of dormancy, relapse, metastasis and cancer cell metabolism. The achievement of long-term clinical responses in targeted therapy will depend on successful targeting of adaptive phenotypic modulations in cancer cells.

![Adaptive phenotypic shift model as a TKI-resistance mechanism in CML cells.\
(A) Ph+ leukemic cell population. (B) Imatinib susceptibility in Ph+ cells is not homogenous and is shown in different colors. (C) The most susceptible cells will die off immediately while imatinib response of other cells in the same population will differ and cell death will occur over time. (D) Cells with the ability to acquire a transcriptional instable state in search of an adaptive landscape that confers higher fitness, some cells will die during this while others survive by breaking through the BCR-Abl-driven life cycle. (E) Cells exhibiting adaptive phenotypic plasticity will survive under selective conditions, may dominate the population or stay dormant in a primitive adherent state within the niche until the environmental stressor (imatinib) is removed.](pone.0229104.g007){#pone.0229104.g007}
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